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1

SYNCHRONOUS MOTOR DRIVING
APPARATUS

BACKGROUND OF THE INVENTION

The present mvention relates to a synchronous motor
driving apparatus which controls a synchronous motor with-
out using a sensor for detecting an electrical angle position.

There are proposed a lot of methods of presuming an
internal magnetic pole position of a synchronous motor to
control the synchronous motor without detecting an electri-
cal angle position of a rotor. For example, Japanese Patent
Publication JP-A-2002-78392 discloses that voltage pulses
are applied to a permanent-magnet synchronous motor
(hereinatter referred to as PM motor) in two orthogonal-axis
directions to detect amplitudes of current pulses generated 1n
the respective axial directions and presume a magnetic pole
position. In this method, an approximation equation show-
ing the relation between the generated currents and the
presumed magnetic pole position 1s introduced to thereby
mimmize the number of times of application of the voltage
pulses, so that the accuracy of the presumption 1s ensured.

Further, Japanese Patent Publication JP-B-8-13196 (JP-
A-3-207250) discloses that positive and negative voltage
pulses are applied to three phases to detect amplitudes of
current pulses generated in the three phases, so that the
magnetic pole position 1s presumed on the basis of the
detected amplitudes. In this method, the accuracy of pre-
sumption 1s limited to the range of £30 degrees but detection
of the current pulses 1s easily attained by detecting DC
current ol a power converter.

SUMMARY OF THE INVENTION

These above methods premise the following supposition
as described intelligibly in FIGS. 2A to 2F and 3 of the
Publication JP-A-2002-78392. That 1s, when a voltage pulse
1s applied in the direction that the magnetic flux of magnet
1s enhanced on a d-axis 1n which rotor magnet 1s positioned,
the magnetic saturation 1s relieved and accordingly the
inductance 1s 1increased to change a current slowly. Conse-
quently, when positive and negative successive pulses are
injected or supplied on the d-axis, asynchronous positive
and negative currents flow. Accordingly, the symmetry of
positive and negative wavelorms contained in the current
wavelorm can be examined to thereby observe whether the
magnetic flux of magnet 1s present or not. Change of the
current waveform due to influence of the magnetic satura-
tion 1s detected to thereby detect the position of the magnetic
flux of magnet.

However, 1n fact, the supposition does not sometimes
necessarilly stand up according to the magnitude of the
current Idc due to the rotor structure, the stator slot structure,
the winding method and the like of the PM motor. The
influence thereof can be solved by increasing the amplitude
of the voltage pulse and enhancing the magnetic saturation,
although 1t 1s restricted by a controller for driving the motor
and suflicient magnetic saturation 1s not necessarily
obtained.

It 1s an object of the present imvention to provide a
synchronous motor driving apparatus which can presume a
magnetic pole position of a synchronous motor with high
accuracy without influence exerted by diflerence in structure
of the synchronous motor.

It 1s another object of the present invention to provide a
synchronous motor driving apparatus which can presume a
magnetic pole position of a synchronous motor with high
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2

accuracy 1rrespective of structure of the synchronous motor
by using only DC current of a power converter for driving
the synchronous motor.

According to an aspect of the present invention, the
synchronous motor driving apparatus including pulsating
current application means for supplying pulsating currents to
the synchronous motor through a power converter and
magnetic pole position presumption means detects at least
two DC currents of the power converter in different phases
on each of positive and negative sides of the pulsating
currents and presumes the magnetic pole position of the
synchronous motor on the basis of the relation 1n magnitude
between the two currents.

According to another aspect of the present invention,
change rates of the DC currents of the power converter on
cach of position and negative sides of the pulsating currents
are detected to presume the magnetic pole position of the
synchronous motor on the basis of the relation between the
two current change rates.

According to the present invention, there can be provided
the synchronous motor driving apparatus which can presume
the magnetic pole position of the synchronous motor with
high accuracy without influence exerted by difference in
structure of the synchronous motor.

Other objects and features of the present invention will be
apparent from embodiments described below.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a control block diagram of a synchronous motor
driving system according to a first embodiment of the
present 1nvention;

FIGS. 2A to 2F are diagrams 1llustrating the relation of
magnetic flux of magnet of the synchronous motor and
current generated thereby describing the principle of the
present invention as the relation of magnetic saturation and
current ripple at time that the magnetic pole axis coincides
with a presumption axis;

FIG. 3 1s a wavelorm diagram showing operation of each
portion 1n case where a voltage 1s applied to a dc-axis 1n the
magnetic pole position presumption in the first embodiment
of the present invention;

FIG. 4 1s a wavetorm diagram showing operation of each
portion 1n case where a voltage 1s applied to a qc-axis in the
magnetic pole position presumption in the first embodiment
of the present 1invention;

FIG. 5 1s a diagram showing the relation of output
voltages of a power converter and phase currents flowing
through a DC resistor;

FIG. 6 1s a functional block diagram illustrating magnetic
pole position presumption means 1n the first embodiment of
the present invention;

FIG. 7 1s a wavelorm diagram showing operation of each
portion of a controller in a modification example of the first
embodiment of the present invention;

FIG. 8 1s a wavetorm diagram showing operation of each
portion of a controller 1n another modification example of
the first embodiment of the present mvention;

FIG. 9 1s a flowchart showing processing of the synchro-
nous motor driving apparatus according to the first embodi-
ment of the present invention;

FIG. 10 1s a wavelorm diagram showing operation of each
portion 1n case where a voltage 1s applied to a dc-axis in the
magnetic pole position presumption 1 a second embodi-
ment of the present mnvention;

FIG. 11 1s a wavetorm diagram showing operation of each
portion 1n case where a voltage 1s applied to a gc-axis 1n the
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magnetic pole position presumption 1n the second embodi-
ment of the present mnvention;

FIG. 12 1s a functional block diagram illustrating PWM
modulation means 1n the second embodiment of the present
invention;

FIG. 13 1s a functional block diagram illustrating mag-
netic pole position presumption means in the second
embodiment of the present ivention;

FIG. 14 1s a wavetorm diagram showing neutral point
potential of the motor 1n the first embodiment of the present
invention;

FIG. 15 1s a wavelorm diagram showing neutral point
potential of the motor 1n the second embodiment of the
present ivention;

FIG. 16 1s a wavelorm diagram showing operation of each
portion 1n case where a voltage 1s applied to a dc-axis in the
magnetic pole position presumption 1n a third embodiment
of the present invention;

FI1G. 17 1s a wavetorm diagram showing operation of each
portion 1n case where a voltage 1s applied to a gc-axis 1n the
magnetic pole position presumption in the third embodiment
of the present invention;

FIG. 18 1s a functional block diagram illustrating PWM
modulation means 1n the third embodiment of the present
invention;

FIG. 19 1s a wavetform diagram showing neutral point
potential of the motor 1n the third embodiment of the present
invention;

FIG. 20 1s a wavelorm diagram showing operation of each
portion 1n case where a voltage 1s applied to a dc-axis 1n the
magnetic pole position presumption 1n a fourth embodiment
of the present invention:

FI1G. 21 1s a wavetorm diagram showing operation of each
portion 1n case where a voltage 1s applied to a gc-axis 1n the
magnetic pole position presumption 1n the fourth embodi-
ment of the present invention; and

FIG. 22 1s a functional block diagram illustrating mag-
netic pole position presumption means 1n the fourth embodi-
ment of the present invention.

DESCRIPTION OF EMBODIMENTS

Embodiments of the present invention are now described
with reference to the accompanying drawings.

Embodiment 1

FIG. 1 1s a control block diagram schematically 1llustrat-
ing a driving apparatus of a permanent-magnet synchronous
motor (PM motor) according to a first embodiment of the
present imnvention. The driving apparatus includes, broadly
divided, a controller 1 for controlling the whole of the
driving apparatus of the PM motor, a power converter 2 for
supplying AC variable voltages having variable frequency to
the PM motor and a three-phase PM-motor 3, and the
controller 1 presumptively calculates a rotor position of the
PM motor 3 and controls the rotational speed thereof.

The controller 1 includes the following functional blocks
concretely. First, the controller 1 includes a current detector
4 which detects DC current of the power converter 2 and a
dg converter 5 which coordinate-converts the detected cur-
rent value ito current values on dc- and qc-axes of the
rotating coordinate axes of the controller 1. Then, the
controller 1 includes vector control means 6 which calcu-
lates application voltages to the PM motor 3 on the basis of
a desired speed command or torque command. Further, the
controller 1 includes an integrator 7 which integrates an
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clectrical angle frequency wlc of the PM motor 3 to
calculate an electrical angle position (or phase) 0dc and a dq
iverse converter 8 which coordinate-converts voltage com-
mands Vdc* and Vgc* on the dc- and gc-axes into three-
phase AC voltage commands. Moreover, the controller 1
includes PWM modulation means 9 which produces pulses
for controlling the power converter 2 on the basis of the
three-phase AC voltage commands. The controller 1 addi-
tionally includes pulsating current application means 10
which produces a pulsating current and a first adder 11
which adds voltage signals produced by the pulsating cur-
rent application means 10 to voltage commands produced by
the vector control means 6. Further, the controller 1 char-
acteristically includes magnetic pole position presumption
means 12 which calculates an position error (error in a
magnetic pole position between the PM motor and the
controller) A0 and speed correction means 13 which calcu-
lates a correction amount Awl of the speed command on the
basis of the calculated position error AO. Furthermore, the
controller 1 includes a second adder 14 which adds the
correction amount Awl of the speed command to a speed
command wl* to calculate the electrical angle frequency
wlc and application voltage setting means 15 which sets
operation of the pulsating current application means 10.

The power converter 2 includes a main circuit portion 21
which receives signals from the PWM modulation means 9
and produces voltages to supply the voltages to the PM
motor 3, a DC resistor 22 for detecting the current and a DC
voltage supply 23 for the main circuit portion 21.

The vector control means 6 calculates voltage commands
for controlling the PM motor 3 to desired speed or torque.
The current detector 4 detects DC current Ish flowing
through the DC resistor 22 of the power converter 2. The dq
converter 5 uses the detected DC current and a current
detection timing set signal SAH from the PWM modulation
means 9 to reproduce three-phase AC currents of the PM
motor 3. The reproduced three-phase AC currents are con-
verted mnto currents Idc and Iqc on the dc- and gc-axes of the
rotating coordinate axes in the controller. A component in
the magnetic pole direction of the PM motor 3 presumed by
the controller 1 1s defined to Idc and a component orthogonal
thereto 1s defined to Igc. The vector control means 6
calculates application voltage commands Vdc0* and Vqc0*
on the dc- and gc-axes to be supplied to the PM motor 3 so
that the components Idc and Igc are equal to desired values.
The voltage commands are converted into three-phase AC
values by the dq inverse converter 8 again and are further
converted into pulse signals for switching the power con-
verter 2 by the PWM modulation means 9. The power
converter 2 1s driven by output signals of the PWM modu-
lation means 9 and applies voltages corresponding to the
voltage commands calculated by the controller 1 to the PM
motor 3.

Incidentally, 1f a magnetic pole position detector which
directly detects a phase 0 (position) of a magnetic pole of the
PM motor 3 1s provided, three-phase detection currents can
be coordinate-converted on the basis of the detected phase
and the current Idc on the dc-axis and the current Igc on the
gc-axis are obtained as an excitation current component and
a torque current component, respectively. The vector control
means 6 1s to controls the two current components indepen-
dently and has a torque current command and an excitation
current command for controlling the speed and the torque of
the PM motor 3 to desired values. The vector control means
6 changes the voltage commands Vdc0* and Vqc0* so that
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the current Idc on the dc-axis and the current Igc on the
gc-axis are equal to the torque current command and the
excitation current command.

As described above, 1n order to make the vector control,
it 1s necessary to detect the magnetic pole position of the PM
motor. The PM motor driving apparatus according to the
present invention presumes the magnetic pole position of the
PM motor without using the magnetic pole position detector
(sensor-less).

First, the operation principle of presuming the magnetic
pole position according to the present invention 1s described.

FIGS. 2A to 2F are a diagram showing the relation
between the magnetic flux ¢m of magnet and a current Idc
generated thereby 1n a permanent-magnet synchronous
motor (PM motor). FIGS. 2A to 2C show the relation of the
magnetic flux ¢m of permanent magnet and the current Idc
generated thereby 1n the one-point current detection method
described in the Publication JP-A-2002-78392 and the like.
FIG. 2A shows the dc-axis and the direction of the magnetic
flux ¢m of permanent magnet in the PM motor, FIG. 2B
shows the relation between the current Idc and the primary
magnetic flux ¢Id and FIG. 2C shows a wavetorm of the
current Idc. As shown i FIG. 2A, 1t 1s supposed that the
dc-axis 1n which direction a voltage pulse 1s applied 1is
identical with the direction of the magnetic flux ¢m of
permanent magnet in the PM motor. When the direction of
the dc-axis 1s identical with the direction of the magnetic
flux ¢m of permanent magnet, the direction of the magnetic
flux by the current Idc 1s identical with that of the magnetic
flux ¢m of permanent magnet and 1t acts so as to enhance the
magnetic saturation of an 1ron core of the PM motor. The
inductance Lds at this time 1s relatively small as compared
with the inductance Ldo in case where the direction of the
dc-axis 1s opposite to that of the magnetic flux ¢m of
permanent magnet and the current Idc 1s changed as shown
in FIG. 2C. In the Publication JP-A-2002-78392 and the
like, this characteristic 1s utilized to presume the magnetic
pole position of the PM motor from the current Idc.

However, when partial saturation 1n the stator of the PM
motor has an influence, the supposition does not necessarily
stand up according to the magmitude of the current Idc and
there 1s the possibility that the presumption error of the
magnetic pole position 1s increased. The intluence by the
partial saturation depends on even structure of the PM motor
and can be reduced relatively 11 the current Idc 1s increased,
although there 1s the possibility that 1t i1s restricted by the
capacity of the controller for driving the PM motor.

FIGS. 2D to 2F shows the relation between the magnetic
flux ¢m of permanent magnet of the PM motor and the
current Idc generated thereby to explain the principle of the
two-point current detection method according to the present
invention. FIGS. 2D to 2F correspond to FIGS. 2A to 2C,
respectively. Referring to FIGS. 2D to 2F, description 1s
made to the fact that even 1t partial saturation of the stator
of the PM motor has an influence, the influence of compo-
nents Lds0 and L.d0 in accordance with the original char-
acteristic of the PM motor 1s taken out.

First, as shown 1n FIG. 2E, 1t 1s supposed that the partial
saturation of the stator has an influence 1n the PM motor and
[.ds2<L.ds1 1n the area where the current Idc 1s small. At this
time, as shown 1n FIG. 2F, IAIdcp2l<|Alden2! 1n the absolute
value of the current Idc and the current Idc 1n the negative
direction 1s large. Hence, according to the one-point current
detection method of FIGS. 2A to 2C, there 1s the possibility
that it 1s judged 1n error that the current Idc 1s larger in the
negative direction than in the positive direction and the
inductance 1s larger 1n the positive direction.
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In contrast, in the embodiment of the present invention, as
shown 1n FIG. 2F, currents at two points on the positive and
negative sides are detected and the magnetic pole position 1s
presumed on the basis of the relation 1n magnitude between
two detected currents. For example, since the current change
rate between the two points 1s larger in the positive direction,
the original characteristics of inductances Lds0 and L.d0 are
taken out. That 1s, (IAIdcp2l-IAldcpll)> (IAldcn2l-IAldcnll)
and only the characteristics of Lds0 and L.d0 are taken out
to make it possible to presume the magnetic pole position
with high accuracy.

The above principle 1s described 1n further detail.

The current Idc on the dc-axis 1s changed asymmetrically
to the polarity thereof due to intluence of the magnetlc flux
¢m of permanent magnet. This reason 1s that the primary
magnetic flux 1s reduced due to influence of the current Idc
and the inductance (L «dl/dt) 1s changed. In this connection,
when the inductance 1s Lds0 1n the positive direction of the
dc-axis and Ld0 in the negative direction of the dc-axis,
Lds0<L.d0.

On the other hand, when the current Idc on the dc-axis 1s
small, the structure of the stator and the like of the PM
motor, for example, has an influence and the magnetic
characteristic 1s as shown 1n FIG. 2E in some case. This
reason 1s that, even when the current Idc 1s small, the partial
magnetic saturation occurs in slot teeth of the stator, for
example, and so on and in this manner it 1s often due to
structural cause. In FIG. 2D, 1t 1s defined that an inductance
for a weak current 1n the positive direction of the dc-axis 1s
[L.ds1 and that in the negative direction of the dc-axis 1s Lds2.
In FIGS. 2D to 2F, it 1s supposed that Ld0>Lds2 and
[.ds1>L.ds0. At this time, when the current Idc on the dc-axis
1s small (Aldcnl<Idc<Aldcpl), the current Idc 1s changed 1n
accordance with the inductance Lds1 1n the positive direc-
tion of the dc-axis and i1s changed in accordance with the
inductance L.ds2 in the negative direction of the dc-axis. On
the other hand, when the current Idc on the dc-axis is large
(Idc<Aldcenl or Aldepl<ldc), the current Idc 1s changed 1n
accordance with the inductance Lds0 in the positive direc-
tion of the dc-axis and 1s changed in accordance with the
inductance L.d0 in the negative direction of the dc-axis.
Information of the inductances L.ds0 and L.d0 1s required to
presume the position error AO but the magnitudes Aldcp2
and Aldcn2 of the current Idc on the dc-axis actually
detected are influenced by the inductances Lds0 and Ldsl
and the inductances L.d0 and Lds2, respectively. The relation
of the wavetorm of the produced current Idc on the dc-axis
and the detected current Aldcpl, Aldenl, Aldcp2 and Alden2
1s as shown 1n FIG. 2F. In other words, the relation of the
pulsating components of the current should be
IAldcp2l>IAldcn2l according to the supposition, although on
the contrary IAldcp2I=IAldcen2! and it 1s apparent that the
magnetic pole position cannot be presumed exactly. Accord-
ingly, in order to take out the pulsating components of the
current by only the inductances Lds0 and L.d0 which are
current components to be used to presume the magnetic pole
position, the current change rates |IAldcp'l and IAldcn'l are
calculated 1n accordance with the expression (1). Conse-
quently, IAldcp'l 1s the component of the current Idc of the
dc-axis changed in accordance with the inductance LL.ds0 and
IAldcn'l 1s the component of the current Idc on the dc-axis
changed in accordance with the inductance L.d0, so that
influence due to changed inductances by the magnetic flux
¢m of permanent magnet can be presumed as change of the
current Idc on the dc-axis.

The presumption operation of the magnetic pole position
and the magnetic pole position presumption means 12 of
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FIG. 1 which 1s characteristic of the present imnvention are
now described. It 1s hereinafter supposed that the PM motor
3 1s 1n the stopped state and the phase of the dc-axis at the
time that the magnetic pole position 1s presumed 1s the
U-phase of the stator of the PM motor 3 in the 1nitial state
and at this time 0dc=0. Further, it 1s supposed that an output
voltage of the power converter 2 1s pulse-width modulated.

In order to presume the magnetic pole position, the
pulsating current application means 10 produces a dc-axis
signal voltage command Vhd* and a qc-axis signal voltage
command Vhg* as signal voltages applied to the dc- and
gc-axes, respectively. Further, the pulsating current applica-
tion means 10 also produces a triangular carrier frequency
command th* for performing the pulse width modulation.
The first adder 11 adds the dc-axis signal voltage command
Vhd* to the voltage command Vdc0* and the gc-axis signal
voltage command Vhg™* to the voltage command Vqc0* to
produce the voltage commands Vdc* and Vqc*, respec-
tively. The voltage commands Vdc* and Vqc* are converted
into phase voltage commands Vu*, Vv* and Vw* of three-
phase AC amounts by the dq inverse converter 8. Further,
the PWM modulation means 9 produces control signals
corresponding to phase output voltage commands Vu, Vv
and Vw which are pulse-width modulated with modulation
frequency th* to supply the control signals to the power
converter 2.

FIGS. 3 and 4 show operation wavelorms upon presump-
tion of the magnetic pole position i the embodiment. FIG.
3 shows waveforms in case where the signal voltage com-
mand 1s applied to the dc-axis (Vhg*=0) and FI1G. 4 shows
wavelorms in case where the signal voltage command 1s
applied to the gc-axis (Vhd*=0).

FIG. 3(a) shows a wavelorm of the voltage command
Vhd*. A triangular wave shown in FIG. 3(b) 1s a triangular
wave carrier for the pulse width modulation. In the embodi-
ment, 1t 1s supposed that the voltage command Vhd* 1s a
square wave having a period which is four times as long as
that of the triangular wave carrier and the operation period
of the control system is half the period of the triangular wave
carrier. At this time, the phase-voltage commands Vu*, Vv*
and Vw* produced by the dq inverse converter 8 from
voltage command Vhd* converted from two phases into
three phases are delayed by a hall period of the triangular
wave carrier as one operation period of the control system as
shown 1n FIG. 3(b). This delay 1s due to control operation.
Further, the phase-voltage commands Vu*, Vv* and Vw*
are pulse-width modulated by the PWM modulation means
9 to be supplied to the power converter 2 as the phase
voltage commands Vu, Vv and Vw as shown 1n FIGS. 3(c¢),
(d) and (e), respectively. The power converter 2 produces
phase voltages in substantial synchronism with the phase
voltage commands Vu, Vv and Vw. At this time, pulsating
currents produced in the PM motor 3 are as shown as phase
currents Iu, Iv and Iw 1 FIGS. 3(f), (g) and (%), respectively,
and the DC current Ish 1s as shown 1 FIG. 3(i).

In order that the dq converter 5 produces the currents Idc
and Igc, 1t 1s necessary to clarity the relation of the DC
current Ish and the phase currents Iu, Iv and Iw. The DC
current Ish coincides with any of the phase currents Iu, Iv
and Iw 1n accordance with the switching state 1n respective
phases of the power converter 2.

FIG. 5 1s a DC current information diagram showing the
relation between the phase voltages Vu, Vv and Vw and the
DC current Ish. The DC current Ish i1s read in while
considering the switching state 1n each phase with reference
to FIG. 5, so that the phase currents Iu, Iv and Iw can be
detected. In order to obtain an amount of changed current by
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the pulse-width modulated voltage, the detection timing of
the DC current Ish 1s Supposed to be the timing shown by
black spots i FIG. 3(i). This 1s the timing that the output
voltages of the power converter 2 are zero vector, that 1s,

three-phase output voltages are changed to the state that all
of three-phase output voltages are equal to one another 1n
positive values (maximum values) or negative values (mini-
mum values). This timing 1s most separate from the timing
that the output voltages of the power converter 2 are changed
before and 1s suitable for detecting the DC current Ish
without mfluence of ringing and the like caused by switch-
ing upon change of the output voltages of the power con-
verter 2. Accordingly, by sampling the DC current Ish at this
timing, the amount of changed current required for presump-
tion of the magnetic pole position can be obtained from the
DC current information. Further, when the switching pattern
of the power converter 2 1s previously understood, the
sampling timing may be used as the time information
defined on the basis of the start time for each control period.

The current detection timing set signal SAH 1s supplied to
the dq converter 5 at the timing that the zero vector i1s
outputted. The dq converter 5 calculates the current Idc on
the dc-axis shown 1n FIG. 3(j) on the basis of the voltage
commands Vhd* and Vhg* and the timing set signal SAH
produced by the PWM modulation means 9. At this time,
different current values at two diflerent timings for each of
positive and negative current polarities of Aldcpl and
Aldcp2 1n the positive halt wave and Aldenl and Aldcen2 1n
the negative half wave are obtained.

Referring now to FIG. 6, the presumption method of the
magnetic pole position using the detected current values 1s
described.

FIG. 6 1s a functional block diagram schematically 1llus-
trating the magnetic pole position presumption means 12 of
FIG. 1. The magnetlc pole position presumption means 12
calculates a first difference value Aldc by means of a delay
umit 121 and a subtractor 122 on the basis of the d-axis
current Idc calculated from the DC current Ish. The first-
degree difference value Aldc produced by the subtractor 122
1s shown 1n FIG. 3(%). In the embodiment, an operation delay
of one period for current detection occurs. An absolute value
calculator 123 1s supplied with the first difference value Aldc
to calculate an absolute value IAldcl thereof. On the other
hand, a current polarnty calculator 124 calculates a current
polarity signal Sp indicative of the polarity of the produced
dc-axis current Idc on the basis of the application voltage
command Vhd*. The polanty signal Sp 1s calculated 1n
consideration of the following three delays for the applica-
tion voltage command Vhd*. That 1s, (1) a delay time of one
operation period of the control system for outputting the
pulse-width modulated voltage, (2) a delay time of one
period for current detection for calculating the first differ-
ence value Aldc, and (3) a delay time corresponding one
period of the pulsating currents shown 1n FIGS. 3(f), (¢g) and
(7). The polarity signal Sp may be a square-wave signal
which 1s changed at the timing having the delay time
corresponding to the total of these delay times. In the
embodiment, the current polarity signal Sp 1s calculated by
reversing the polarity of the application voltage command
Vhd* as shown in FIG. 3(/).

A current change amount calculation means 125 of FIG.
6 calculates the current change rates IAIdcp'l and IA-Idcn'l
shown 1n the following expression (1) 1n accordance with
the following procedure.

Aldcp'=Aldcp2-Aldcpl

Aldcen'=Aldcn2-Aldcnl (1)
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Next, the current polarity signal Sp 1s multiplied by the
absolute value IAldcl. Consequently, a signal containing the
current change rates IAldcp'l and IAlden'l 1s produced as
shown 1 FIG. 3(m). Next, current values at the timing
shown by black triangle in FIG. 3(m) are extracted. The
timing shown by black triangle may be the timing 1n the
middle of changing polarities of the current polarity signal
Sp. Magnetic pole position presumption calculation means
126 calculates the position error AQO on the basis of the
current change rates IAldcp'l and IAldcn!'l.

An approximate characteristic as described in the follow-
ing expression (2), for example, may be applied to the
current change rates |IAldcp'l and IAlden'l and the position
errorAQ.

Aldcp-IAldcn’loc cos AO (2)

In other words, the value of the presumable position error
AO cannot be distinguished as to whether 1t 1s advanced or
delayed but its absolute value IAOI can be understood.

On the other hand, 1n the case of Vhd*=0 shown in FIG.
4, the phase voltage commands Vu*, Vv* and Vw¥, the
phase output voltage commands Vu, Vv and Vw and the
phase currents Iu, Iv and Iw can be obtained as shown in
FIG. 4 and the gc-axis current Iqc shown 1n FIG. 4(;) can be
calculated on the basis of the current detection timing set
signal SAH. The magnetic pole position presumption means
12 treats the gc-axial current Igc as an mput value Idc and
makes the same calculation as 1n the case of Vhg*=0 to
thereby obtain the position error AO with regard to the
gc-axial direction. That 1s, the position presumption 1s made
on the basis of the pulsating current for each of the dc- and
gc-axes 1n two orthogonal directions and 1ts results can be
combined to presume the position error AO.

Further, the current change rates are calculated in the
same manner as the expression (1) as follows.

Algep=Algep2-Algepl

Algen'=Algen2—-Algcenl (3)

The following 1s calculated from its operation result by
application of a voltage to the gc-axis.

IAlgep’l-IAlgen'l® cos(AB-90°)=-smn AO (4)

The position error IAOI can be presumed from the expres-

s1ons (2) and (4) even if the following expression (35) 1s used
in the same manner as the method described 1n the Publi-

cation JP-A-2002-78392.

(3)

—(|AlgcP| — |qucn"|)}

Af = tan™
4 { |Aldcp’| — |Aldcr|

As described above, according to the embodiment, the
presumption accuracy of the position error A0 can be
enhanced without influence of change 1 inductance due to
structure of the stator and the like of the PM motor.

In the embodiment, the current detection timing set signal
SAH 1s produced at the timing that the zero vector 1s
produced. However, it may be produced at the timing that
the output voltage of the power converter 2 1s changed from
the state of zero vector to the state that one- or two-phase
output voltages are changed from the positive value (maxi-
mum value) to the negative value (minimum value) or
contrary thereto.

FI1G. 7 shows operation waveforms upon presumption of
the magnetic pole position at the above-mentioned timing.
In this operation, the phase output voltage commands Vu,
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Vv and Vw are the same as those of FIG. 3 by way of
example. In FIG. 7, only the timing that the DC current Ish
1s detected 1s different and the same waveforms as those of
FIG. 3 are not shown. When the current detection 1s made at
the timing shown by diamond shapes i FIG. 7(i), the
substantially same value as the current Ish at the timing that
the zero vector in the control period before one period 1s
outputted 1s detected as understood from comparison with
FIG. 3(i). When influence of ringing or the like caused by
switching upon change of the output voltage of the power
converter 2 1s small, the same detection value as that of FIG.
3(i) 1s obtained. The wavetorms of FIG. 7(j) to () showing
operation of the magnetic pole position presumption means
12 are understood to be the same as those of FIG. 3 when the
current Ish 1s delayed only one control period as compared
with FIG. 3. Accordingly, the configuration of the magnetic
pole position presumption means 12 may be identical and
operation may be delayed only one control period.

Alternatively, the current detection may be made two or
more times within the period that the state of the three-phase
output voltages of the power converter 2 1s the same, that is,
within the period from the time that a certain phase output
voltage 1s changed to the time that a certain phase output
voltage 1s next changed and the current change rate d(Idc)/dt
may be calculated directly. In this case, the current change
rate d(Idc)/dt can be calculated with high accuracy without
influence of attenuation of current caused by resistance
contained 1n the PM motor 3 and generated within the period
that the zero vector 1s outputted.

FIG. 8 shows operation wavetforms upon presumption of
the magnetic pole position in case where the current detec-
tion timing set signal SAH 1s produced at different timings.
That 1s, FIG. 8 shows the operation waveforms upon pre-
sumption of the magnetic pole position 1n case where the
current detection timing set signal SAH 1s produced not only
at the timing that the zero vector 1s produced but also at the
timing that the output voltage of the power converter 2 1s
changed from the state of zero vector to the state that one-
or two-phase output voltages are changed from the positive
value (maximum value) to the negative value (minimum
value) or contrary thereto. In this operation, the phase output
voltage commands Vu, Vv and Vw are the same as those of
FIG. 3. Only the timing that the current Ish 1s detected 1s
different from FIG. 3 and the same wavelorms as those of
FIG. 3 are not shown. The current detection 1s made at the
timings shown by both of round and diamond shapes in FIG.
8(i). At this case, since the current detection 1s made twice
within the same control period, the current change rate
d(Idc)/dt shown in FIG. 8(%') can be calculated directly.
Since the current change rate i1s determined by change 1n
inductance due to the magnetic saturation, the current
change rate may be supplied to the absolute value calculator
123 as 1ts mput Aldc to make the position presumption.
From the viewpoint of calculation of the current change rate,
the current detection may be made two or more times at any
timing as far as intfluence of Lds0 and L.d0 1s taken out.

Further, information of the amplitude and the period of the
application voltage commands Vhd* and Vhg* and the pulse
width modulation frequency command th* produced by the
pulsating current application means 10 may be previously
held in the pulsating current application means 10 as set
value information, but means for changing set value infor-
mation may be provided as follows.

The voltage setting changing means 15 1s disposed within
the controller 1 or outside of the controller 1 and ensures
communication means with the controller 1. When the
voltage setting changing means 135 1s supplied with infor-
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mation of the amplitude and the period of the application
voltage commands Vhd* and Vhg* and the pulse width
modulation frequency command th*, the voltage setting
changing means 15 operates to deliver 1ts input result to the
pulsating current application means 10. The pulsating cur-
rent application means 10 changes the application voltage
commands Vhd* and Vhg* and the pulse width modulation
frequency command th* to be matched to the delivered input
result. Thus, the function that the application voltage sup-
plied by the pulsating current application means 10 can be
changed externally can be realized.

Further, when the voltage setting changing means 135 has
the function that set values such as constants of the PM
motor 3 used 1n the controller 1 are changed, the pulsating,
current application means 10 itself may use the set values to
change setting of the application voltage commands. For
example, when the set values are a rated current value 10M
of the PM motor 3, a voltage Vpn of the DC voltage supply
23 of the power converter 2, a pulse width modulation
frequency I_PWM and an inductance set value LM* of the
PM motor 3, the following expression (6) 1s utilized.

V==-LX% al
- d1

6)

In this expression, when dt 1s supposed to be n times the
control period, that 1s, half of the pulse width modulation
period and dI 1s considered to be the magnitude of the pulse
current and 1s supposed to be k times the rated current value
I10M, the following expression 1s given.

f PWM
Vi" =
1

. (7)
X LM™ X (kX [OM)

Vh* of the expression (7) 1s a set value of the amplitude
of the application voltage commands Vhd* and Vhg™ 1n case
where the magnitude of the pulsating current 1s kxI0M when
the application voltage commands Vhd* and Vhg* have the
period equal to 2 n times of the pulse width modulation
period. The provision of the function that Vh* can be
calculated again on the basis of this expression when a set
value of the control system 1s changed can suppress occur-
rence ol overcurrent or undercurrent upon presumption of
position and presume the magnetic pole position exactly
when the set values of the control system are required to be
changed, for example, when the PM motor 3 1s changed.
Further, when the calculated result of the Vh* exceeds a half
of the voltage Vpn, there 1s the possibility that the applica-
tion voltage 1s not set to the command value and the
magnetic pole position cannot be presumed exactly. At this
time, I PWM may be reduced or the multiple 2 n of the
period of the application voltage to I PWM may be
increased 1n accordance with this expression. Further, 1t 1s
not limited that the set inductance value LM* of the PM
motor 3 of the set values of the control system 1s changed by
the voltage setting changing means 15 and, for example,
when the function that the constants of the PM motor 3 are
adjusted automatically 1s provided, setting of the application
voltage commands Vhd* and Vhg* may be changed after
automatic adjustment.

Further, both values calculated for Vhg*=0 and Vhd*=0
in the left term IAIdcp'l-IAIdcn'l of the expression (2) calcu-
lated 1n the position presumption in the magnetic pole
position presumption means 12 are sometimes smaller than
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a predetermined value. It 1s judged that presumption of the
position error AO 1s not made properly since influence of the
magnetic flux ¢m of permanent magnet 1s not exerted on the
dc-axis current Idc sufliciently and the magnetic pole posi-
tion presumption calculation means 126 produces a voltage
adjustment command signal Thset to supply 1t to the pulsat-
ing current application means 10. The pulsating current
application means 10 increases the amplitudes of the appli-
cation voltage commands Vhd* and Vhg* by a predeter-
mined ratio in accordance with the voltage adjustment
command signal Thset from next time. This configuration
can realize the function that the application voltage com-
mands Vhd* and Vhg* are adjusted automatically so that the
position error AQ 1s presumed exactly.

As described above, by changing the set value informa-
tion or by providing adjustment means, even 1f the PM
motor 3, for example, 1s changed, the magnetic pole position
can be presumed exactly on the basis of more suitable set
value information.

Moreover, for example, when there 1s abnormality 1n the
controller 1 upon presumption of the magnetic pole position,
there 1s the possibility that the set value information 1s
adjusted or adjustment means regards the abnormality of the
controller 1 as the set value information being unsuitable
and continues adjustment operation. Accordingly, the con-
troller 1 1s made to be operated as follows.

FIG. 9 1s a flowchart showing processing operation of the
PM motor driving apparatus according to the first embodi-
ment of the present invention. When a system start com-
mand 1s 1inputted to the controller 1, start processing 901 of
the controller 1s performed. When the start processing 1s
completed, the controller 1 performs motor operation start
command judgment processing 902 and enters 1n a motor
operation start waiting state. When a motor operation start
command 1s mputted to the controller 1, system abnormality
diagnosis processing 903 which 1s characteristic of the
embodiment 1s performed. In the system abnormality diag-
nosis processing 903, failure such as short circuit, ground
fault and disconnection of the output circuit of the power
converter 2, unusual state of input voltage such as overvolt-
age and undervoltage or failure of controller 1 1itself 1s
detected. After completion of the system abnormality diag-
nosis processing 903, when any abnormality 1s detected in
system abnormality state judgment processing 904, process-
ing proceeds to system abnormality processing 905. When
any abnormality 1s not detected, initial magnetic pole posi-
tion presumption processing 906 1s performed 1n which an
initial value of the position error A0 1s presumed by the
above-mentioned method and then operation of the motor 1s
started.

The controller 1 can be operated 1n accordance with the
above operation flow to increase the accuracy of the mag-
netic pole position presumption method according to the
present mvention.

Embodiment 2

A second embodiment of the present invention 1s now
described. The whole system configuration of the embodi-
ment 1s the same as that of the first embodiment shown in
FIG. 1 and the generation method of the phase output
voltage commands Vu, Vv and Vw and operation of the
magnetic pole position presumption means 12 of the
embodiment are different from those of the first embodi-
ment.

FIG. 10 shows operation waveforms in the embodiment 1n
case where the signal voltage command 1s applied to only
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the dc-axis (Vhg*=0) and FIG. 11 shows operation wave-
forms 1n the embodiment in case where the signal voltage
command 1s applied to only the gc-axis (Vhd*=0).

FI1G. 10(a) shows a wavelorm of Vhd*. A triangular wave
shown 1n FIG. 10() 1s a triangular wave carrier for the pulse
width modulation. In the embodiment, it 1s supposed that
Vhd* 1s a square wave having a period equal to four times
as long as that of the triangular wave carrier and the
operation period of the control system 1s half the period of
the triangular wave carrier. At this time, the phase-voltage
commands Vu*, Vv* and Vw* produced by the dq inverse
converter 8 from voltage command Vhd* converted from
two phases 1nto three phases are delayed a half period of the
triangular wave carrier as one operation period of the control
system as shown 1n FIG. 10(d) to be produced.

In the embodiment, new phase voltage commands are
prepared on the basis of the phase voltage commands Vu*,
Vv* and Vw™ so that phase voltages which are largest in the
negative side are negative-side voltages of the DC voltage
supply 23 of the power converter 2 while the line voltage
between phases 1s maintained. That 1s, mn FIG. 10, new
command values Vu**, Vv** and Vw** for the pulse width
modulation are calculated by the following expressions as
voltage commands with which the pulse width modulation 1s
made actually.

Vu**=Vy*~{ Vu—-min(Vu*, Vv* Vw*)} (8-1)
Vvek=Py*e{ Vp—min(Vu*, Vv* Vw*)} (8-2)
Vw**=Vw*~{ Vu—min(Vu*, Vv¥ Vw*)} (8-3)

FIG. 12 1s a schematic diagram 1llustrating the PWM
modulation means 9 in the second embodiment of the
present invention.

A phase voltage command resetting means 91 calculates
the new command values Vu**, Vv** and Vw** for the
pulse width modulation 1n accordance with the expressions
(8-1) to (8-3). A phase output voltage command calculation
means 92 makes the pulse width modulation for the new
command values Vu**, Vv** {or the pulse width modula-
tion and Vw** 1 accordance with the triangular wave
carrier as shown in FIG. 10(b-2) and produces the phase
output voltage commands Vu, Vv and Vw shown 1n FIGS.
10(c) to (e) to supply them to the power converter 2. The
power converter 2 produces the phase voltages 1n substantial
synchronmism with the phase output voltage commands Vu,
Vv and Vw. At this time, the pulsating currents in the PM

motor 3 are as shown as the phase currents Iu, Iv and Iw 1n
FIGS. 10(f) to (%) and the waveform of the DC current Ish

1s as shown 1 FIG. 10().

The current detection timing set signal SAH used 1n the dq
converter 5 1s prepared as current detection phase informa-
tion from the phase output voltage commands Vu, Vv and
Vw produced by the phase output voltage command calcu-
lation means 92 1in accordance with FIG. 5. Further, the
current detection timing 1s set to be the timing that the
triangular wave carrier 1s peak, that 1s, that each control
period 1s started and the timing that the output voltages of
the power converter 2 1s next changed to the state of zero
vector, that 1s, the state that the polarities of the three-phase
output voltages are identical 1n order to obtain the change
amount of the dc-axis current Idc 1n each control period. The
reason that the latter timing 1s selected 1s that this timing 1s
most separate from the timing that the output voltages of the
power converter 2 are changed and 1s suitable for detecting,
the DC current Ish without influence of ringing and the like
caused by switching upon change of the output voltages of
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the power converter 2. The former timing 1s selected since
control processing 1s easy but 1t may be any timing from the
viewpoint of calculation of the current change rate.

The detection timing of the DC current Ish 1n the embodi-
ment 1s shown by black spots in FIG. 10(i). The dq converter
5 calculates the dc-axis current Idc shown i FIG. 10(;) on
the basis of the voltage commands Vhd* and Vhqg* and the
current detection timing set signal SAH produced by the
PWM modulation means 9.

Referring now to FIG. 13, the magnetic pole position
presumption method based on the detected current value 1s
described.

FIG. 13 illustrates an internal configuration of the mag-
netic pole position presumption means 12 in the embodi-
ment. Aldcpl and Aldcp2 or Aldenl and Alden2 are obtained
in the same control period 1n the embodiment. Accordingly,
units corresponding to the delay umt 121, the adder 122 and
the absolute value calculator 123 shown in FIG. 6 are not
provided 1n the embodiment. A current change amount

calculation means 125' calculates Aldcp' or Aldcn' of the
expression (1) fromAldcpl and Aldcp2 or Aldenl and

Aldcn2 shown i FIG. 10(k) on the basis of the dc-axis
current Idc obtaimned in the dq converter 5. The current
polarity signal Sp from the current polarity calculator 124 1s
prepared in the same manner as in the first embodiment.
Further, the magnetic pole position presumption calculation
expression by magnetic pole position presumption calcula-
tion means 126' 1s the same as that of the magnetic pole
position presumption means 126 1n the first embodiment and
the position error AD with regard to the dc-axis direction 1s
obtained.

Further, in case of Vdh*=0, the phase voltage commands
Vu*, Vv* and Vw™*, the phase output voltage commands Vu,
Vv and Vw and the phase currents Iu, Iv and Iw are obtained
as shown in FIG. 11 and the gc-axis current Igc shown 1n
FIG. 11() 1s obtained on the basis of the SAH. The magnetic
pole position presumption means 12 treats the qc-axis cur-
rent Iqc as mput value Idc and makes the same calculation
as 1 case of Vhg*=0 to obtain the position error AO with
regard to the gc-axial direction.

FIG. 14 1s a diagram showing wavelorms of the phase
output voltage commands Vu, Vv and Vw and the neutral
point potential of the PM motor 3 in the first embodiment
and FIG. 15 1s a diagram showing waveforms of the phase
output voltage commands Vu, Vv and Vw and the neutral
point potential of the PM motor 3 in the second embodiment.
The neutral point potential of the PM motor 3 i1s changed
with an amplitude equal to one third of the voltage Vpn of
the DC voltage supply 23 1n response to the phase output
voltage commands Vu, Vv and Vw. Accordingly, the neutral
point potential of the PM motor 3 i1s changed with an
amplitude of the voltage Vpn of the DC voltage supply 23
in the first embodiment, whereas the neutral point potential
of the PM motor 3 1s changed with an amplitude equal to two
thirds of the voltage Vpn of the DC voltage supply 23 1n the
second embodiment. Since electromagnetic noise 1s also
increased when the neutral point potential of the PM motor
3 1s changed largely, the electromagnetic noise 1s reduced 1n
the second embodiment as compared with the first embodi-
ment.

As 1n the embodiment, the phase voltage outputs can be
changed to suppress the number of operations of the main
circuit 21 of the power converter 2 and further suppress the
amplitude of the neutral point potential while making the
same position presumption as in the first embodiment and
accordingly the electromagnetic noise 1s reduced greatly.
Further, in the embodiment, the phase output voltages are
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produced in the negative-side potential of the DC voltage
supply 23, although even 1f the phase output voltage com-
mands Vu, Vv and Vw are produced in the positive-side
potential of the DC voltage supply 23, the same eflects can
be attained.

Embodiment 3

A third embodiment of the present mmvention 1s now
described. The system configuration thereof 1s the same as
that of the first embodiment shown in FIG. 1 and the
generation method of the phase output voltage commands
Vu, Vv and Vw and operation of the magnetic pole position
presumption means 12 1in the embodiment are different from
those of the first embodiment.

FIG. 16 shows operation wavetorms in the embodiment in
case where the signal voltage command 1s applied to only
the dc-axis (Vhg*=0) and FIG. 17 shows operation wave-
forms 1n the embodiment in case where the signal voltage
command 1s applied to only the gc-axis (Vhd*=0).

In the embodiment, the pulse width modulation frequency
f PWM 1s changed on the basis of the phase voltage
commands Vu*, Vv* and Vw* so that change 1n voltage
between two phases between which the line voltage 1s
maximum 1s equal to the voltage of the DC voltage supply
23. Further, the phase voltage commands are prepared so
that a changed width in the phase voltage commands
between two phases between which the line voltage 1s
maximum equal to the voltage of the DC voltage supply 23.
In other words, 1n FIG. 16, a voltage Vu*-Vv* between U-
and V-phases 1s equal to a voltage Vu*-Vw* between V- and
W-phases and a voltage Vv*-Vw* between V- and
W-phases 1s zero. On the other hand, a maximum voltage
can be produced when the line voltage 1s equal to the voltage
Vpn of the DC voltage supply 23. Accordingly, th_max*
satistying the following expression may be frequency of
new pulsating voltage application commands and th_max*
multiplied by a multiple 2 n of the period of the application
voltage to I PWM may be set as I PWM newly.

(Vu*-V®xfh*=Vpuxfh_max* (9)

Further, new voltage commands Vu*, Vv* and Vw* for
the pulse width modulation are calculated by the following,
CXpressions.

Vu**=Vpuxsign(Vu®) (10-1)

Vv E=Vpnxsign( Vv*) (10-2)

Pw* =Vpuxsien( Vw*)(=Vy** 10-3
P g1

FIG. 18 1s a schematic diagram 1illustrating the PWM
modulation means 9 1in the embodiment. First, a modulation
frequency setting means 93 calculates a new pulse width
modulation frequency command th** 1n accordance with the
expression (9) and the phase voltage command resetting
means 91 calculates the new pulse width modulation com-
mand values Vu™*, Vv** and Vw** 1n accordance with th**
and the expressions (10-1) to (10-3). The phase output
voltage command calculation means 92 makes the pulse
width modulation to the new pulse width modulation com-
mand values Vu**, Vv** and Vw** on the basis of the
triangular wave carrier as shown 1n FIG. 16(5-2) to produce
the phase output voltage commands Vu, Vv and Vw as
shown 1n FIGS. 16(c¢) to (e) and supply them to the power
converter 2. The power converter 2 produces the phase
voltages 1n substantial synchronism with Vu, Vv and Vw. At
this time, the pulsating currents produced in the PM motor
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3 are as shown as phase currents Iu, Iv and Iw 1n FIGS. 16(f)
to (#), respectively, and the DC current Ish 1s as shown 1n

FIG. 16(i).

The current detection timing set signal SAH used 1n the dq
converter 3 1s prepared as current detection phase 1nforma-
tion from the phase output voltage commands Vu, Vv and
Vw produced by the phase output voltage command calcu-
lation means 92 1n accordance with FIG. 5. Further, the
current detection timing 1s set to the timing that the trian-
gular wave carrier 1s peak, that 1s, that each control period
1s started. At this time, the timing that the switching state of
the phase output voltage commands Vu, Vv and Vw 1s
changed coincides with the timing that the trnangular carrier
1s peak. Accordingly, 1n order to detect the phase currents Iu,
Iv and Iw from the DC current Ish, sampling may be made
in accordance with DC current information of FIG. § just
before the timing that the triangular wave carrier 1s peak.

The detection timing of the DC current Ish 1n the embodi-
ment 1s shown by black spots 1n FI1G. 16(i). The dq converter
5 calculates the dc-axis current Idc shown i FIG. 16(;) on
the basis of Vhd* and Vhg* and SAH produced by the PWM
modulation means 9. The calculation processing 1n the
magnetic pole position presumption after detection of the
DC current Ish may be made in the same manner as in the
first embodiment and the magnetic pole position presump-
tion 1s realized as 1 FIGS. 16(j) to (m) showing its calcu-
lation processes.

Further, the processing in case of Vhd*=0 shown 1n FIG.
17 1s the same as 1n case of Vhd*=0 with the exception that
expressions for calculating the new pulse width modulation
command values Vu™*, Vv** and Vw** are diflerent. The
new pulse width modulation command values Vu**, Vv**
and Vw** are calculated as follows. Of line voltages to be
processed, a voltage Vv*-Vw* between V- and W-phases 1s
maximum and voltages Vu*-Vv* between U- and V-phases
and Vu*-Vw* between U- and W-phases are a half of the
amplitude of the voltage between V-and W-phases and signs
thereol are opposite to each other. Accordingly, th max*
satisiying the following expression (11) may be frequency of
new pulsating voltage application commands and th_max*
multiplied by a multiple 2n of the period of the application
voltage to I_PWM 1s newly set as I PWM newly. Further,
the new pulse width modulation command values Vu**,
Vv** and Vw** may be calculated from the following

expression (12).

(Vu*WW* ) xfh*=Vpuxfh_max* (11)

Vu**=Vpnxsign(Vu*)(=0) (12-1)

Vv E=Vonxsign( Vv*) (12-2)

w="— FIXSIEN v W —— vV -
Pw*t=Vpnxsign(Pw* ) (=— Vy** 12-3

The qc-axis current Iqc shown i FIG. 17(j) 1s calculated
on the basis of the DC current Ish and SAH. The magnetic
pole position presumption means 12 treats the gc-axial
current Igc as an input value Idc and makes the same
calculation as 1n the case of Vhq*=0 to thereby obtain the
position error AQ with regard to the qc-axial direction.

FIG. 19 1s a diagram showing waveforms of the phase
output voltage commands Vu, Vv and Vw and the neutral
point potential of the PM motor 3 1n the third embodiment.
The neutral point potential of the PM motor 3 i1s changed
with an amplitude equal to two thirds of the voltage Vpn of
the DC voltage supply 23 1n response to the phase output
voltages. Since radiation noise 1s increased when the neutral
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point potential 1s changed largely, the electromagnetic noise
can be reduced in the embodiment as compared with the
embodiment 1.

As 1n the embodiment, when the phase voltage outputs 1s
changed, the number of operations of the main circuit 21 of
the power converter 2 1s suppressed while making the same
position presumption as in the first embodiment and accord-
ingly the electromagnetic noise 1s reduced. Further, the pulse
width modulation frequency can be increased to thereby
shorten the time required for the position presumption.

Embodiment 4

A fourth embodiment of the present invention 1s now
described. The system configuration thereof 1s the same as
that of the first embodiment shown in FIG. 1. The generation
method of the phase output voltage commands Vu, Vv and
Vw and operation of the magnetic pole position presumption
means 12 1n the embodiment are diflerent from those of the
first embodiment.

FI1G. 20 shows operation wavetforms in the embodiment in
case where the signal voltage command 1s applied to only
the dc-axis (Vhd*=0) and FIG. 21 shows operation wave-
forms 1n the embodiment in case where the signal voltage
command 1s applied to only the gc-axis (Vhd*=0). In the
embodiment, the magnetic pole position presumption opera-
tion 1s performed 1 two parts as shown 1 FIGS. 20 and 21
and two square wave voltages having different amplitudes
are successively supplied as the application voltage com-
mands Vhd* and Vhqg*. In other words, as shown m FIG.
20(b), when the signal voltage command 1s applied to the
dc-axis, the application voltage command Vhd* has an
amplitude of Vhd1' in the phase d1 and has an amplitude of
Vhd2' in the phase d2. Further, as shown in FIG. 21(5), when
the signal voltage command 1s applied to the gc-axis, the
application voltage command Vhg* has an amplitude of
Vhqgl' in the phase q1 and has an amplitude of Vhqg2' in the
phase g2. The period thereof 1s twice the period of the
triangular wave carrier 1n either case. The following descrip-
tion 1s made for the case of Vhq*=0. In the embodiment, the
dc-axis current Idc 1s calculated for each phase.

The current detection timing set signal SAH used 1n the dq
converter 5 1s prepared as current detection phase informa-
tion from the phase output voltage commands Vu, Vv and
Vw produced by the PWM modulation means 9 1n accor-
dance with FIG. 5 1n the same manner as in the {first
embodiment and the current detection timing 1s supposed to
be the timing that the output voltages of the power converter
2 are changed to zero vector. The current detection timing at
this time 1s shown by black spots 1n FIG. 20(7). At this time,
Aldcpl and Aldcnl are obtained in the phase d1 and Aldcp2
and Aldcn2 are obtained in the phase d2.

FI1G. 22 15 a definite functional block diagram 1llustrating
the magnetic pole position presumption means 12 based on
the detected current value 1n the embodiment. In the embodi-
ment, the delay unit 121, the adder 122, the absolute value
calculator 123 are operated in the same manner as in the first
embodiment. The current polarity signal Sp produced by the
current polarity calculator 124 1s delayed by one control
period as compared with Vhd* and 1ts polarity 1s reversed.
In the embodiment, the result of the absolute value |Aldcl
multiplied by the current polarity signal Sp 1n each phase
does not contain mnformation of IAIdcp'l and IAldcn'l. Instead,
Aldcpl, Aldenl, Aldcp2 and Alden2 which are the change
amounts of the dc-axis current Idc 1n each phase are under-
stood. A current change amount calculation means 125"

calculatesAldcpl and Aldenl 1n the phase d1 and Aldcp2
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and Aldcn2 in the phase d2 as the result of multiplying the
absolute value IAldcl by the current polarity signal Sp and
supplies them to a magnetic pole position presumption
means 126". The magnetic pole position presumption means
126" calculates IAIdcp'l and IAldcn'l and presumes the mag-
netic pole position after both of the phases d1 and d2 have
been completed.

In the embodiment, Vhd1' and Vhd2' can be set indepen-
dently. Accordingly, Aldcpl and Aldcnl can be set so that
change 1n inductance due to structure of the stator and the
like does not have an influence thereon without changing
peak values Aldcp2 and Aldcn2 of the dc-axis current Idc
and the presumption accuracy of the position error A0 can be
enhanced without increasing the dc-axis current Idc. Further,
Aldcpl and Aldenl are equal to positive-side and negative-
side peak values of the dc-axis current Idc 1n the phase di,
respectively, and Aldcp2 and Aldcen2 are equal to positive-
side and negative-side peak values of the dc-axis current Idc
in the phase d2, respectively. Accordingly, Aldcp' and Alden'
can be also calculated from the expression (1) while using
positive-side and negative-side detected values in the
respective phases as Aldcpl, Aldcenl, Aldcp2 and Aldcen2
without calculating the first-degree diflerence value and in
this case the calculation processing can be simplified.

In case of Vhd*=0, Vhdl' and Vhd2' are replaced by
Vhqgl' and Vhqg2', respectively, and thereafter the same
operation as 1n case of Vhg*=0 may be made. The gc-axis
current Iqc shown 1n FIG. 20(i) 1s calculated and is treated
as an mput value Idc in the magnetic pole position presump-
tion means 12. Then, the same operation as in case of
Vhg*=0 may be made. In other words, Algcpl and Algcenl
are calculated in the phase ql and Alqcp2 and Algcen2 are
calculated in the phase g2, so that the position error A0 1s
obtained within the range of +n/2 with regard to the gc-axis
direction. Accordingly, in the same manner as the {first
embodiment, the dc-axis and the gc-axis of two orthogonal
directions are combined to make 1t possible to presume the
position error AO.

Further, when the same change as 1n the second or third
embodiment 1s applied to the application voltage commands
Vhd*, Vhg* and the frequency command th* thereof 1n the
embodiment, the effects 1n the respective embodiments can
be attained and electromagnetic noise can be reduced. Fur-
ther, the time required for position presumption can be
reduced as 1n the third embodiment.

In the first to third embodiments, the period of the signal
Voltage commands Vhd* and Vhg* on the dc- and gc-axes
1s set to be four times as long as the period of the triangular
wave carrier. In this case, 11 there 1s no change in inductance
due to the magnetic saturation, the magnitude of Aldcpl and
Aldcnl are limited to about half of the magmitude of Aldcp2
and Aldcn2. In order to select the magnitude of Aldcpl and
Adcnl and the magnitude of Aldcp2 and Aldcn2 indepen-
dently, the signal voltage commands Vhd* and Vhg™* may be
selected as follows. First, the period of the signal voltage
commands Vhd* and Vhg* may be any as far as 1t 1s 2n (n
1s an integer equal to or larger than 2) times as long as the
triangular wave carrier. At this time, the DC current Ish can
be detected 8n times or more within one period of the signal
voltage commands Vhd* and Vhg*. The timing for obtain-
ing each of the Aldcpl, Aldenl, Aldcp2 and Alden2 may be
selected by the current change amount calculation means on
the basis of the signal voltage commands Vhd* and Vhg*.
Alternatively, the signal voltage commands Vhd* and Vhg*
may be stepwise wave having an amplitude changing 1n each
control period. In this case, Aldcpl, Aldenl, Aldcp2 and
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Aldcn2 can be changed independently 1n accordance with an
amplitude 1n each control period of the signal voltage
commands Vhd* and Vhqg*.
Further, in the embodiments of the present invention, the
pulse width modulation system 1s adopted in which com-
parison with the single triangular wave carrier 1s made,
although the present invention 1s not limited to the pulse
width modulation system. Further, the phase at which the
voltage 1s applied to generate the pulsating current 1s not
limited to the phase as described above since the processing
can be eflective for any phase of the PM motor 3 11 the
dc-axis position 1n the mnitial state 1s changed.
As described above, according to the PM motor driving
apparatus of the embodiments of the present invention, the
voltage can be applied to the PM motor and the magnetic
pole position 1n the PM motor can be presumed on the basis
of the current change rate calculated from two or more
different current values on the positive and negative sides of
the current pulsating component generated 1n response to the
application of the voltage.
Further, since change of the pulsating component due to
the magnetic saturation of the PM motor 1s utilized and the
component generated depending on the structure of the PM
motor of the pulsating component 1s removed, the present
invention can be applied regardless of the structure of the
PM motor and the presumption accuracy of the magnetic
pole position can be enhanced without increasing the ampli-
tude of the pulsating current.
Moreover, the provision of the externally setting function
or the automatic adjustment function in the controller for
change of the voltage can detect the magnetic pole position
cven 1 the PM motor i1s changed and the controller is
provided with the abnormality detection function to thereby
make 1t possible to prevent malfunction of the presumption
operation of the magnetic pole position including the auto-
matic adjustment function.
It should be further understood by those skilled 1n the art
that although the foregoing description has been made on
embodiments of the invention, the invention 1s not limited
thereto and various changes and modifications may be made
without departing from the spirit of the invention and the
scope of the appended claims.
The 1nvention claimed 1s:
1. A synchronous motor driving apparatus comprising:
a synchronous motor;
a power converter for supplying AC variable voltages
having variable frequency to said synchronous motor;

pulsating current application means for applying voltages
to said synchronous motor through said power con-
verter to supply pulsating currents thereto;

means for detecting DC current flowing through said

power converter upon supply of said pulsating currents;
and

magnetic pole position presumption means for presuming

a magnetic pole position of said synchronous motor on
the basis of the detection result of the DC current,
wherein said magnetic pole position presumption
means comprises current detection means for detecting
currents 1n at least two different phases on each of
positive and negative sides of the DC current and
means for presuming the magnetic pole position of said
synchronous motor on the basis of the relation 1n
magnitude between two current values on each of the
positive and negative sides.

2. A synchronous motor driving apparatus according to
claam 1, comprising means for calculating current change
rates on the positive and negative sides on the basis of the
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two current values on each of the positive and negative sides
and presuming the magnetic pole position of said synchro-
nous motor on the basis of a diflerence between said current
change rates on the positive and negative sides.

3. A synchronous motor driving apparatus according to
claim 1, wherein said pulsating current application means
includes means for producing square-wave voltages to sup-
ply them to said power converter.

4. A synchronous motor driving apparatus according to
claiam 1, wherein said pulsating current application means
applies square-wave voltages to said synchronous motor by
means of pulse width modulation of said power converter
and holds at least one-phase output voltage of three-phase
output voltages to be positive (maximum value) or negative
(minimum value) during each half-period of a carrier for the
pulse width modulation.

5. A synchronous motor driving apparatus according to
claim 1, wherein said pulsating current application means
applies square-wave voltages to said synchronous motor by
means of pulse width modulation of said power converter
and holds at least one-phase output voltage of three-phase
output voltages to be positive (maximum value) and at least
remaining one-phase output voltage to be negative (mini-
mum value) during one period of the pulse width modula-
tion.

6. A synchronous motor driving apparatus according to
claim 1, wherein said pulsating current application means
subjects said power converter to pulse width modulation and
applies square-wave voltages to said synchronous motor and
said current detection means detects two DC current values
in two different phases within a period that each of three-
phase output voltages of said power converter 1s held to be
positive (maximum value) or negative (minimum value).

7. A synchronous motor driving apparatus according to
claim 1, wherein said current detection means detects the
DC current near the timing that all of three-phase output
voltages of said power converter are changed to be positive
(maximum value) or negative (minimum value).

8. A synchronous motor driving apparatus according to
claim 1, wherein said current detection means detects the
DC current near the timing that at least one-phase output
voltage of said power converter 1s changed from the state
that all of the three-phase output voltages of the power
converter are positive (maximum value) or negative (mini-
mum value).

9. A synchronous motor driving apparatus according to
claim 6, wherein said DC current detection means sets one
current detection timing to be near the timing that all of
three-phase output voltages of the power converter are
changed to be positive (maximum value) or negative (mini-
mum value).

10. A synchronous motor driving apparatus according to
claiam 1, comprising voltage command setting changing
means for setting or changing an amplitude of an application
voltage command of said pulsating current application
means.

11. A synchronous motor driving apparatus according to
claim 1, comprising abnormality detection means for detect-
ing abnormality of said power converter and a controller
thereol and wherein said means for presuming the magnetic
pole position of said synchronous motor 1s operated after
said abnormality detection means makes detection process-
ng.

12. A synchronous motor driving apparatus comprising:

a synchronous motor;

a power converter for supplying AC vanable voltages

having variable frequency to said synchronous motor;




Us 7,276,876 B2

21

pulsating current application means for applying voltages
to said synchronous motor through said power con-
verter to supply pulsating currents thereto;

current detection means for detecting DC current flowing,

through said power converter upon supply of the pul-
sating currents; and

magnetic pole position presumption means for presuming

a magnetic pole position of said synchronous motor on
the basis of the detection result of the DC current,
wherein said magnetic pole position presumption
means comprises means for detecting current change
rates on positive and negative sides of the DC current
and means for presuming the magnetic pole position of
the synchronous motor on the basis of the relation 1n
magnitude between said current change rates on the
positive and negative sides.

13. A synchronous motor driving apparatus according to
claim 12, wherein said-pulsating current application means
subjects said power converter to pulse width modulation and
applies square-wave voltages to said synchronous motor and
said current detection means includes means for detecting
two DC current values in two diflerent phases within a
period that each of three-phase output voltages of said power
converter 1s held to be positive (maximum value) or negative
(minimum value) and means for calculating said current
change rates on the basis of the two detected current values.

14. A synchronous motor driving apparatus according to
claim 12, wherein said current detection means detects the
DC current near the timing that all of three-phase output
voltages of said power converter are changed to be positive
(maximum value) or negative (mimmimum value).

15. A synchronous motor driving apparatus according to
claim 12, wherein said current detection means detects the
DC current near the timing that at least one-phase output
voltage of said power converter 1s changed from the state
that all of the three-phase output voltages of said power
converter are positive (maximum value) or negative (mini-
mum value).

16. A synchronous motor driving apparatus according to
claim 13, wherein said current detection means sets one
current detection timing to be near the timing that all of
three-phase output voltages of the power converter are
changed to be positive (maximum value) or negative (mini-
mum value).
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17. A synchronous motor driving apparatus according to
claam 12, comprising voltage command setting changing
means for setting or changing an amplitude of an application
voltage command of said pulsating current application
means.

18. A synchronous motor driving apparatus according to
claaim 12, comprising abnormality detection means {for
detecting abnormality of said power converter and a con-
troller thereof and wherein said means for presuming the
magnetic pole position of said synchronous motor is oper-
ated after said abnormality detection means makes detection
processing.

19. A synchronous motor driving apparatus comprising:
a synchronous motor;

a power converter for supplying AC vanable voltages
having variable frequency to said synchronous motor;

pulsating current application means for applying voltages
to said synchronous motor through said power con-
verter to supply pulsating currents thereto;

means for detecting DC current flowing through said
power converter upon supply of the pulsating currents;
and

magnetic pole position presumption means for presuming
a magnetic pole position of said synchronous motor on
the basis of the detection result of the DC current,

wherein said pulsating current application means succes-
sively generates at least two square-wave voltages
having different amplitudes to supply the voltages to
said power converter and

said magnetic pole position presumption means presumes
the magnetic pole position of said synchronous motor
on the basis of detected values of two DC currents upon
application of each of the at least two square-wave
voltages.

20. A synchronous motor driving apparatus according to
claim 19, wherein said pulsating current application means
applies the at least two square-wave voltages having difler-
ent amplitudes to two directions of a dc-axis constituting a
presumption magnetic flux-axis of a motor controller and a
gc-axis orthogonal to the dc-axis at intervals of predeter-
mined period.
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